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The thermal properties of minor actinide targets for the management of high level and long lived radioactive
waste are investigated. The microstructure, thermal diffusivity and speciﬁc heat of (Pu,Am)O2, (Zr,Pu,Am)O2,
(Zr,Y,Am)O2, (Zr,Y,Pu,Am)O2 and CERMETS with Mo matrix are characterised in order to assess the safety
limits of these materials.
© 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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c1. Introduction
The minor actinides (MA), in particular Am, Cm and Np, are re-
sponsible for a signiﬁcant contribution to the radiotoxicity of spent
nuclear fuel. The separation of the minor actinides, and their trans-
mutation in dedicated targets are investigated with the aim of reduc-
ing the radiotoxicity of nuclear waste. Different concepts of uranium-
free materials are considered, which contain the actinides either in
solid solutions or as dispersed particles in an inert ceramic or metal-
lic matrix (also called “CERCER” and “CERMET”, respectively). In some
concepts, the actinides are stabilised homogeneously in a host phase
(e.g. stabilised zirconia).
In the FP6 EURATOM program EUROTRANS, targets dedicated to
actinide incineration were studied with the objectives of assessing
the incineration eﬃciency and behaviour under irradiation. In partic-
ular, data for the estimation of the in-pile temperatures and for the
deﬁnition of the maximum safe temperature during operation were
obtained [1]. In this context, this article presents results concerning
thermophysical properties of solid solutions and CERMET composite
samples considered for the FUTURE, HELIOS and FUTURIX projects.
The ﬁrst form chosen for the irradiation of minor actinides is the
solid solution, because of its stability under irradiation, and also due
to the high melting point. Different concepts were envisaged, as solid
solutions of the MA oxides with PuO2, or the minor actinides are
stabilised in an alternative host phase (e.g. stabilised zirconia). The
different solid solutions that have been investigated in this paper
are (Pu,Am)O2, (Zr,Pu,Am)O2, (Zr,Y,Am)O2 and (Zr,Y,Pu,Am)O2. How-
ever, preliminary studies have shown that the irradiation tempera-
ture of such targets can be relatively high, due to their low ther-
mal conductivity. A huge improvement of the thermal properties∗ Corresponding author. Tel.: + 49 7247 951 263
E-mail address: dragos.staicu@ec.europa.eu (D. Staicu).
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lusions are placed in a metallic matrix. The CERMET considered in
his work is a Mo matrix containing uniformly distributed solid so-
ution inclusions. The composition and characteristics of the samples
re given in Table 1.
The high temperature stability of thesematerialswas already pub-
ished [2], and this paper presents the speciﬁc heat, thermal diffusiv-
ty and thermal conductivity results.
. Samples characteristics and microstructure
The minor actinide bearing samples were obtained by the in-
ltration of porous beads of PuO2 − x, (Zr,Pu)O2 − x, (Zr,Y)O2 − x and
Zr,Y,Pu)O2 − x with americium nitrate solution followed by a calcina-
ion step to convert the nitrate to oxide, blending of the inﬁltrated
eads with Mo powder (in the case of the CERMETS), and ﬁnally the
ressing and sintering stages.
Sintering was performed under the appropriate conditions
1600 °C, 8 h, Ar/H2) to obtain an oxygen content corresponding to
valence of 3.66 for Pu (O/Pu ratio of 1.83 for plutonium oxide) and
.2 for Am (O/Am ratio of 1.6 for americium oxide). The fuels were
intered in order to be in the hypo-stoichiometric composition range
o reduce cladding corrosion. The measurements do not correspond
o stoichiometric dioxide samples, but to materials with an oxygen
otential optimized for their in-pile behaviour, and the results are di-
ectly applicable to irradiation performance investigations.
Ceramography examinations have been carried out for each
arget type in order to characterise the microstructure and
he homogeneity of the distribution of the inclusions. The mi-
rostructures of (Pu,Am)O2, (Zr, Pu,Am)O2, (Zr, Y, Am)O2 and
Zr, Y, Pu, Am)O2 are similar (Fig. 1). The initial beads can
till be recognised in some regions. For the CERMET fuels, the
olybdenum matrix is continuous and is almost 100% dense,
o aggregates of inclusions are observed (Fig. 2), and ther the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Solid solutions and CERMET composite samples characteristics.
Sample Composition Density %TD TD Porosity
g · cm−3 g · cm−3 Vol. %
FUTURE FE1 (Pu0.939 Am0.061)O1.81 9.40 82.1 11.45 17.9
FE2 (Pu0.756 Am0.244)O1.72 10.41 90.4 11.51 9.6
FE3 (Zr0.666Pu0.285Am0.049)O1.83 7.17 92.2 7.78 7.8
FE4 (Zr0.579Pu0.248Am0.173)O1.78 7.87 91.3 8.62 8.7
HELIOS H2 (Zr0.8Y0.134Am0.066)O1.92 5.91 92.6 6.389 7.4
H3 (Zr0.762Y0.127Pu0.044Am0.067)O1.83 6.14 94.1 6.523 5.9
H4 (Zr0.666Y0.111Am0.223)O1.83 (29 vol.%) + Mo 8.934 94.9 9.409 5.1
H5 (Pu0.801Am0.199)O1.89 (16 vol.%) + Mo 10.076 96.8 10.406 3.2
FUTURIX FX5 (Pu0.797Am0.203)O1.89 (13 vol.%) + Mo 10.37 95.1 11.50 4.9
FX6 (Zr0.532Pu0.228Am0.240)O1.78 (39 vol.%) + Mo 9.497 94.8 8.48 5.2
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Zorosity is concentrated in the inclusions (Figs. 3 and 4). A slight
nisotropy can be observed in Fig. 4 as the inclusions were deformed
n the pressing direction.
. Experiment
Disks were cut from pellets in order to obtain samples with ap-
ropriate dimensions for the speciﬁc heat and thermal diffusivity
easurements. In some cases, disks with the required ﬁnal thickness
ere pressed and sintered.
.1. Speciﬁc heat
The speciﬁc heat was measured during ascending and descending
emperature regimes by Differential Scanning Calorimetry (DSC) in
he temperature range from 400 to 1470 K. The instrument used was
Netzsch STA 409 differential calorimeter, with a cover gas of Ar 6.0
100 ml/min) and a heating rate of 15 K/min. The relative uncertainty
f the speciﬁc heatmeasurements is about 8%. Themeasurement pro-
ides information on the samples intrinsic speciﬁc heat and on the ef-
ect of the heat produced by radioactive decay. For samples having ac-
umulated auto-irradiation damage (i.e. after a long storage period),
he measurement during the ﬁrst annealing also provides informa-
ion on the heat effects associated to the recovery of auto-irradiation
amage.
For radioactive samples, a shift exists in the apparent speciﬁc heat
easured during ascending and descending temperature regimes,
ue to the permanent internal heat production in the samples as
result of alpha decay. The real speciﬁc heat is obtained by av-
raging the ascending and descending temperature measurements.Fig. 1. Optical ceramographs ofor annealed samples (i.e. without auto-irradiation damage anneal-
ng effects) this shift between the apparent and real speciﬁc heat
s more than three times higher for (Pu0.756Am0.244)O1.72 than for
Pu0.939Am0.061)O1.81, in agreement with the ratio of the Am con-
ents. The Pu isotopic vector is 239Pu and 240Pu (half lifes of resp.
.4·104 and 6540 years) for 99.8 wt.% of the plutonium inventory,
hile the americium is mainly 241Am (half-life of 432 years). There-
ore the internal heat production is proportional to the Am content.
ll the speciﬁc heat measurements shown in this paper were cor-
ected for this effect, which as a result is not visible on the ﬁgures
hown.
Two consecutive speciﬁc heat measurements were made for each
ample, as for some of the samples where auto-irradiation damage
as accumulated, heat effects associated to the recovery of damage
ere observed during the ﬁrst measurement run.
The impact of the samples hypostoichiometry on the measured
peciﬁc heats was estimated using the data of Duriez [3] for speciﬁc
eat of O2, and the maximum relative impact (4%) was found for the
Pu0.756 Am0.244)O1.72 sample, while it is below 2% for the samples
ontaining ZrO2. This impact is signiﬁcantly below the uncertainty
n the speciﬁc heat measurements and was therefore neglected in
he comparison to literature data. The speciﬁc heats of the FUTURE
Pu,Am)O2 samples are shown in Fig. 5, with the speciﬁc heats of
mO2 [4,5], PuO2 [3,4] and ZrO2 (ITU internal result). PuO2 has a spe-
iﬁc heat signiﬁcantly higher than AmO2, and the (Pu,Am)O2 samples
ave intermediate values. The results were interpolated by the equa-
ions given in Table 2.
The speciﬁc heat values obtained for the four FUTURE samples are
onsistent with the values corresponding to pure AmO2, PuO2 and
rO2, assuming that the Kopp’s law can be applied. In (Pu,Am)O2, thethe H2 and H3 samples.
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Fig. 2. Optical ceramographs of the H4 and H5 samples.
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cspeciﬁc heat decreases with the increase of the Am content, consis-
tently with the values for pure AmO2 and PuO2. For (Zr,Pu,Am)O2, the
speciﬁc heat is higher than for (Pu,Am)O2 and increases with the in-
crease of the Zr content, consistently with the values for pure ZrO2,
AmO2 and PuO2, where ZrO2 has the highest speciﬁc heat. The spe-
ciﬁc heat of the (Pu,Am)O2 samples tends to reach a constant value
as temperature increases, while the Cp of the Zirconia matrix sam-
ples continues to increase. This behaviour has already been observed
by Ronchi [6].
For the FUTURE (Zr,Pu,Am)O2 samples FE3 and FE4, no signiﬁcant
heat effect was observed during the DSC measurements, that were
made without preliminary heating, and before the thermal diffusiv-
ity measurement. For the (Pu,Am)O2 samples, an exothermic heat ef-
fect was observed during the ﬁrst heating (Fig. 6), resulting from the
recovery of auto-irradiation damage defects. This damage had accu-
mulated in the samples between the sintering and the measurement
dates, approximately 2 years. For (Pu0.939Am0.061)O1.81, the exother-
mic effect was maximum at 600 K, while it was maximum at 800 K
for (Pu0.756Am0.244)O1.72, probably due to a difference in the nature
and concentration of the point defects, defect clusters or recombina-
tion mechanisms involved in the recovery. The absence of recovery of
auto-irradiation damage in (Zr,Pu,Am)O2 suggests that in this mate-
rial such damage can not be annealed in the temperature range in-
vestigated (up to 1470 K).
The speciﬁc heat of the HELIOS and FUTURIX samples is shown in
Fig. 7, with the speciﬁc heats of pure Mo (ITU internal result) andFig. 3. Microstructure (radial setabilised zirconia (Zr0.86Y0.14)O2 [7]. Pure Mo has the lowest spe-
iﬁc heat, and stabilised zirconia the highest. The measured spe-
iﬁc heats increase with the decrease in the Mo content. The pure
o and the two high Mo content samples (Pu0.801Am0.199)O1.89 (16
ol.%) + Mo and (Pu0.797 Am0.203) O1.89 (13 vol.%) + Mo have al-
ost equal speciﬁc heats. The samples with lower Mo contents,
Zr0.666Y0.111Am0.223)O1.83 (29 vol.%) + Mo and (Zr0.532 Pu0.228
m0.240)O1.78 (39 vol.%) + Mo also have almost equal spe-
iﬁc heats. Finally, the solid solution samples (Zr0.8Y0.134Am0.066)
1.92 and (Zr0.762Y0.127Pu0.044Am0.067)O1.83 have higher and almost
qual speciﬁc heats. The results were interpolated with the equations
iven in Table 2.
.2. Thermal diffusivity
The thermal diffusivity of the specimens was measured in the 500
o 1450 K temperature range with a laser ﬂash apparatus developed
t ITU for fresh and irradiated samples [8]. The samples were disks
f 5.5 mm diameter and 1 to 2 mm thickness, with plane and parallel
aces. Because of their semitransparent nature, the measurements for
he ZrO2 based materials were made on samples coated with carbon.
he CERMET samples were also coated with carbon in order to avoid
aser light reﬂection on the front face of the samples and in order
o allow a precise measurement of the rear face temperature with
he pyrometers, that were calibrated for materials with an emissivity
lose to unity.ction) of the FX6 sample.
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Fig. 4. Microstructure (axial section) of the of the FX6 sample.
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iThe measurement was made following stepwise ascending and
escending temperature programmes. The thermal diffusivity was
easured three times at each temperature and averaged. The max-
mum temperature of the measurement was limited to 1450 K in or-
er to be suﬃciently below the threshold for Am vaporisation, in the
ange 1900 to 2100 K [2]. The relative uncertainty of the thermal dif-
usivity is of about 5%, mainly due to disk thickness variations. The
ffect of thermal dilatation on sample thickness was taken into ac-
ount using linear thermal dilatation coeﬃcients of 12·10−6 K−1 cor-
esponding to pure ZrO2 [9] for the ZrO2 based materials, 11·10−6
K−1 corresponding to pure PuO2 [10] for the (Pu, Am)O2 materials,
nd 5·10−6 K−1 corresponding to the value of pure Mo [11] for the
aterials with a Mo matrix.
Except for the (Pu,Am)O2 samples, no signiﬁcant difference was
bserved between the results obtained during the ascending and de-
cending temperature regimes, therefore the stoichiometry of the
amples was not modiﬁed by the measurement, and no thermal dif-
usivity recovery due to auto-irradiation damage annealing (recombi-
ation of point defects) at high temperatures was observed. The same
isks were used for the thermal diffusivity and speciﬁc heat mea-
urements, except for the (Pu,Am)O2 samples, as the disks used for
peciﬁc heatmeasurements fragmented due to auto-irradiation dam-
ge. In the case of the (Pu,Am)O2 samples, the thermal diffusivity was
easured after four years of storage and a signiﬁcant recovery was
bserved during the ﬁrst measurement run, that can be attributed400 600 800 1000 1200 1400
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ig. 5. Speciﬁc heats of the FUTURE samples (the solid lines correspond to the inter-
olation with the equations in Table 2) and of the pure oxides AmO2 of Konings [4] and
hiriet [5], PuO2 of Konings [4] and Duriez [3] and ZrO2 (ITU internal result).
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po the recovery of radiation damage. The thermal diffusivity results
re not discussed here, the deduced thermal conductivity is discussed
n the next section.
.3. Thermal conductivity
The thermal conductivity was calculated from the measurements
f the thermal diffusivity, speciﬁc heat and density, with the density
alues as given in Table 1.
The thermal conductivity (without correction for porosity) of
he ceramic materials is shown in Fig. 8 and lies between 1 and
.5 Wm−1 K−1. In Fig. 8, the thermal conductivity of (Pu0.939
m0.061)O1.81 corresponds to annealed samples and decreases from
bout 2.5 Wm−1 K−1 at 600 K to about 1.4 Wm−1 K−1 at 1500 K.
his decrease with increasing temperature is due to the increase in
honon scattering. The thermal conductivity of (Pu0.756 Am0.244)O1.72
s signiﬁcantly lower. The temperature dependence of the thermal
onductivity of the zirconia based compounds is less pronounced, its
ow value is consistent with the data of Song for (Zr0.86 Y0.14)O2 with
density of 97.5% TD [7], and is typical for yttria stabilised zirconia
12]. This behaviour can be attributed to enhanced phonon scattering
rom the oxygen vacancies created by the substitution of Y3+ for Zr4+
n the ﬂuorite structure of ZrO2 [13].
The thermal conductivities were converted to 100% TD following
he recommendation of Brandt and Neuer [14] using Eq. (1), where
(T) = 2.6 − 0.5 (T − 273.15)/1000 and P is the porosity fractional vol-
me. The results for the (Pu,Am)O2 − x samples are shown in Fig. 9, in-
luding the data obtained during the ﬁrst heating of the samples. The
ecovery observed below 1200 K can be attributed to auto-irradiation
amage annealing, but at high temperature (above 1200 K) it is due
o the oxidation of the samples, from the hypostoichiometric state to
toichiometry.
100%TD(T) =
λ(T)
1 − P f (T) 1
The thermal conductivity of the (Pu, Am)O2 samples (for 100% TD)
as compared to the values of Gibby [15] and Cozzo [16] for PuO2
nd of Nishi [17] for AmO1.73 and AmO2 (Fig. 10). The data for PuO2
f Gibby and for AmO2 of Nishi are relatively close, while the thermal
onductivity of PuO2 of Cozzo is higher. The values for the (Pu, Am)O2
amples (after annealing) are 30 and 50% lower than the thermal con-
uctivity of pure PuO2 of Gibby. Such a decrease is large taking into
ccount the moderate fractions of Am (6.1 and 24.4 mol%).
The thermal conductivity values for the CERMET samples are in
he range 50 to 85 Wm−1 K−1, i.e. higher by a factor of about 40 com-
ared to the conductivity of the solid solutions (Fig. 11). The results
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Table 2
Equations interpolating the experimental speciﬁc heat and thermal conductivity (T in K).
Sample Cp (J g−1 K−1) Thermal conductivity (W m−1 K−1)
FUTURE FE1 0.3185 + 2.297·10−6 T + 7.280·103 T−2 1/(2.128·10−1+ 3.470·10−4 T)
FE2 0.3421 + 5.1412·10−6 T + 9.040·103 T−2 1/(2.703·10−1+ 3.754·10−4 T)
FE3 0.3562 + 1.166·10−4 T − 6.122·10−7 T−2 1.66+ 1.788·10−7 T2 − 3.184·10−4 T
FE4 0.3395 + 8.925·10−5 T − 2.561·10−5 T−2 1.605 − 1.344·10−4 T
HELIOS H2 0.5077 + 6.454·10−5 T − 8.174·103 T−2 2.28 + 4.215 10−7·T2 − 8.377 10−4 T
H3 0.4860 + 8.074·10−5 T − 9.199·103 T−2 1.86 + 2.600 10−7·T2 − 5.163·10−4 T
H4 0.2849 + 5.055·10−5 T − 1.040·103 T−2 100.8 + 2.257 10−5·T2 − 6.460·10−2 T
H5 0.2528 + 4.538·10−5 T − 1.095·103 T−2 115.1 + 2.661 10−5·T2 − 7.131·10−2 T
FUTURIX FX5 0.2560 + 3.948·10−5 T + 1.530·103 T−2 101.13 − 0.0174 T
FX6 0.2832 + 4.745·10−5 T + 1.752·103 T−2 57.21 − 0.00768 T
f
a
e
lwere interpolated by the polynomials given in Table 2. The thermal
conductivity of pure Mo decreases from about 130 Wm−1 K−1 at
500 K to about 100 Wm−1 K−1 at 1400 K [18]. The thermal con-
ductivity of the CERMET decreases with the increase of the volume400 600 800 1000 1200 1400
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Fig. 6. Apparent speciﬁc heats of the (Pu, Am)O2 samples, showing an exothermic ef-
fect during the ﬁrst ascending temperature measurement, due to auto-radiation dam-
age recovery.
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(raction of inclusions, with a relatively strong decrease (30% at 500 K)
lready at 13 and 16 vol.%. This behaviour can not be predicted by the
ffective conductivity models supposing non interacting inclusions
ike themodel ofMaxwell [19], and requires the choice of amodel val-
dated by numerical calculations based on the actual microstructure
btained from optical ceramographs [20]. This diﬃculty is due to the
arge difference in thermal conductivity between the matrix and the
nclusions, and to the relatively large volume fractions. Theoretical
urves for the thermal conductivity of the CERMET samples were cal-
ulated using an analytical model taking into account these speciﬁci-
ies, the choice of this model was validated in [20] for CERMET fuels
ith similar microstructure. The method is based on the modelling
f the microstructure by a probabilistic model, considering a random
istribution of spheres having the same diameter with overlap, the
iameter of the spheres has no impact on the thermal conductivity
s no contact thermal resistance is considered at the interface be-
ween the matrix and the inclusions. Because of the large difference
n thermal conductivity between the inclusions and the matrix, and
etween the pores and the matrix, the thermal conductivity of the
nclusions and pores can be neglected, as shown in [20]. Using kf for
he conductivity of the inclusions and pores (kf = 0 Wm−1 K−1 in
ur case) with volume fraction vf (volume fraction of the inclusions
nd pores) km for the conductivity of the matrix, the equivalent con-
uctivity is given by Eq. (2).
e f f = km
1 + ((d − 1)(p+ ξ1) − 1)β fm + (d − 1)(((d − 1)p− q)ξ1 − p)β2fm
1 − (1 + p− (d − 1)ξ1)β fm + (p− (d − 1)ξ1)β2fm
(2)ig. 8. Thermal conductivity of solid solution samples, without porosity correction.
Zr0.86 Y0.14)O2 from Song with a density of 97.5% TD [7].
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Fig. 9. Thermal conductivity of the (Pu, Am)O2 samples converted to 100% TD mea-
sured on samples damaged by auto-irradiation.
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Fig. 11. Thermal conductivity of the CERMET samples, the lines represent the calcu-
lated curves while the symbols correspond to actual measurements.
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p = v f , q = 1 − v f , d = 3, and ξ = 0.5615 v f .
The results of the calculations are shown in Fig. 11 and are in good
greement with the experimental measurements. Calculations (not
hown here) based on Eq. (2) have shown that the thermal conduc-
ivity changes due to the stoichiometry of the inclusions, which de-
nes the oxygen chemical potential in the system, and hence has an
mportant impact on the fuel/cladding corrosion, have no inﬂuence
n the thermal conductivity of the composite. This is due to the low
hermal conductivity of the inclusions compared to the matrix.
. Conclusions
Thermophysical properties required for the safety assessment of a
ariety of fuels were obtained for ceramic and CERMET Am contain-
ng samples. A strong difference in thermal conductivity is observed
etween the solid solutions samples that have low thermal conduc-
ivity and the CERMET samples, with high conductivity. Other inves-
igations have shown that, under vacuum, the samples exhibit Pu and
m losses starting in the temperature range 1900–2100 K, with a rate
harply increasing with temperature. Therefore the irradiation tem-
erature should be kept below 1900 K. The high thermal conductivity
f CERMETS is an advantage and will always lead to a lower fuel op-
rating temperature.ig. 10. Thermal conductivity of the (Pu, Am)O2 samples converted to 100% TD and
ompared PuO2 [15] AmO1.73 and AmO2.
[The thermal conductivity of the ZrO2 based materials is low and
lmost temperature independent, but no degradation due to auto-
rradiation damage was observed. In the case of the samples based
n Yttria stabilised zirconia, this observation can be related to the
igh concentration of oxygen defects resulting from the presence of
ttrium.
The high thermal conductivity of the CERMET compounds leads to
promising potential from the pin design point of view, although the
ctual in-pile behaviour will have to be determined, in particular to
onsider processes such as the material swelling under fast neutron
rradiation or the ﬁssion gas and helium releases.
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